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Transferring quantum information between distant nodes of a network is a key capability. This
transfer can be realized via remote state preparation where two parties share entanglement and
the sender has full knowledge of the state to be communicated. Here we demonstrate such a pro-
cess between heterogeneous nodes functioning with different information encodings, i.e., particle-like
discrete-variable optical qubits and wave-like continuous-variable ones. Using hybrid entanglement
of light as a shared resource, we prepare arbitrary coherent-state superpositions controlled by mea-
surements on the distant discrete-encoded node. The remotely prepared states are fully characterized
by quantum state tomography and negative Wigner functions are obtained. This work demonstrates
a novel capability to bridge discrete- and continuous-variable platforms.
In the context of quantum networks, remote state
preparation (RSP) protocols enable the transfer of quan-
tum information from one place to a distant one via en-
tanglement shared between two parties [1–4]. In contrast
with quantum teleportation [5], the sender has complete
knowledge of the state to be communicated. Conditioned
on the sender’s measurement and one-way classical com-
munication, the receiver’s state is projected onto the tar-
geted state. RSP finds a variety of applications, rang-
ing from long-distance quantum communication to loss-
tolerant quantum-enhanced metrology [6].
In recent years, a number of demonstrations have
been realized. Remote state preparations of polarization
qubits were demonstrated based on polarization entan-
glement [7–9]. Transfer of single-photon and vacuum su-
perpositions was also achieved based on single-photon en-
tanglement [10] and continuous-variable RSP was demon-
strated using Einstein-Podolsky-Rosen entangled beams
[11–13]. These works were extended to the preparation of
multiqubit states [14, 15], spatial qubits [16] and single-
plasmon states [17]. Remote preparation of atomic mem-
ories also enabled the transfer of a given state to a long-
lived matter system [18, 19]. In all these realizations,
the initial entangled resource is either based on finite-
dimensional systems, such as single-photon qubits, or on
infinite-dimensional spaces, such as squeezed states, fol-
lowing thereby the traditional separation between quan-
tum information approaches.
However, a large effort has been recently devoted to
bridge these different approaches, i.e., discrete-variable
(DV) and continuous-variable (CV) encodings and tool-
boxes [20]. Deterministic CV teleportation of discrete
qubits has been demonstrated [21] and novel hybrid pro-
tocols, such as a single-photon entanglement witness
based on quadrature measurements [22], have been im-
plemented. In this context, the recent demonstrations of
hybrid entanglement between CV and DV optical qubits
[23–25] holds the promise of heterogenous networks where
the discrete- and continuous-variable operations could be
efficiently combined.
In this paper, we demonstrate a first remote prepara-
tion scheme between two distant network nodes that rely
on different information encodings, i.e. discrete and con-
tinuous variables. Starting from heralded hybrid entan-
glement of light shared between the two nodes, arbitrary
superpositions of coherent states, i.e., CV qubits, are pre-
pared by a measurement performed on the DV node. The
prepared states are then characterized by full quantum
state tomography and compared to the targeted states.
We detail the phase space evolution of these transferred
states as a function of the triggering measurements.
The experimental setup is sketched on Fig. 1. It
relies on the hybrid entanglement between particle-like
and wave-like optical qubits we recently demonstrated
[23]. The entanglement is generated between two remote
nodes that relied each on an optical parametric oscillator
(OPO), and connected by two lossy channels. The detec-
tion of a single photon in a middle station via a super-
conducting nanowire single-photon detector [26] heralds
the generation. Importantly, this measurement-induced
scheme preserves the fidelity of the entangled state in-
dependently of the loss between the two nodes. This
loss-tolerant feature is central to our realization and con-
stitutes a prerequisite to obtain high-fidelity quantum
states between remote locations. In our implementation,
the entanglement heralding rate is 200 kHz and the over-
all loss in the conditioning path reaches 30 %. Experi-
mental details have been provided elsewhere [23].
Specifically, Alice and Bob share the hybrid entangled
state:
|Ψ〉AB ∝ |0〉A|Cat−〉B + |1〉A|Cat+〉B . (1)
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FIG. 1: Remote preparation of coherent-state superpositions
using hybrid entanglement of light. (a) Alice and Bob located
at two distant nodes share an entangled state |0〉A|Cat−〉B +
|1〉A|Cat+〉B . Conditional on a specific quadrature measure-
ment via homodyne detection, Alice remotely prepares any ar-
bitrary superposition c+|Cat+〉+eiϕc−|Cat−〉 on Bob’s node.
The measured quadrature is chosen by locking the local os-
cillator phase on a value θ and the preparation is heralded
by the occurrence of a preselected value Q within an accep-
tance window of width ∆ (typically taken equal to 20% of
the shot noise value). The prepared state is characterized by
homodyne detection, with an overall efficiency η = 85%. (b)
Marginal distributions of vacuum and single-photon states.
(c) Theoretical fidelity of the remotely prepared state with
different targeted superpositions as a function of the quadra-
ture value Q, with θ = 0 and |α| = 0.7. (d) Theoretical
fidelity as a function of the efficiency of the heralding homo-
dyne detection. (e) Theoretical fidelity as a function of the
window width ∆.
The state |Cat−〉 ∝ |α〉 − | − α〉 ∼ aˆSˆ|0〉 denotes an odd
coherent-state superposition (CSS), which is approxi-
mated experimentally here by a single-photon-subtracted
squeezed vacuum, while |Cat+〉 ∝ |α〉 + | − α〉 ∼ Sˆ|0〉
refers to an even CSS approximated by a 3-dB squeezed
vacuum. Given this shared resource, Alice can measure
her DV state and project Bob’s state into any arbitrary
coherent-state superposition.
As Alice’s mode is contained in the qubit subspace
spanned only by zero and one photon Fock states (to
limit the multiphoton component below 2% for the DV
side, the OPO is pumped about 100 times below thresh-
old), she can use a quadrature measurement via an ef-
ficient homodyne detection to discriminate between the
possible DV states [10]. This method enables to project
onto any superposition of zero and one photon. To un-
derstand the general idea of this method, the marginal
distributions of the quadrature corresponding to these
states are plotted in Fig. 1(b) in the ideal case. The
measurement of a quadrature outcome equal to zero on
Alice’s side has to come from the vacuum component
and will therefore project Bob’s state onto the state
|Cat−〉. Similarly, a large value quadrature result, which
most likely comes from the single-photon component, will
project Bob’s state onto the state |Cat+〉. By choos-
ing a given phase θ and a quadrature value Q, Al-
ice can then remotely prepare any superposition of the
form c+|Cat+〉 + eiϕc−|Cat−〉. In the ideal case and
large |α| values, a quadrature measurement equal to +1
projects the state onto the equally-weighted superposi-
tion |Cat+〉+ |Cat−〉 ∼ |α〉, i.e., a coherent state.
The superposition coefficients can be calculated as fol-
lows. The measurement implemented by Alice can be
written in the form of the quadrature operator Qˆθ =
Xˆ cos θ + Pˆ sin θ where Xˆ and Pˆ denote the canonical
position and momentum observables. The measurement
of a quadrature value Q projects the entangled state onto
a quadrature eigenstate 〈Qθ|:
|Φ〉B ∝ 〈Qθ|Ψ〉AB = 〈Qθ|0〉A|Cat−〉B + 〈Qθ|1〉A|Cat+〉B(2)
with
〈Qθ|0〉A = 1
(2pi)1/4
e−Q
2/4 and 〈Qθ|1〉A = Qe
iθ
(2pi)1/4
e−Q
2/4.
The remotely prepared state on Bob’s side can finally be
written after normalization as:
|Φ〉B = 1√
1 +Q2
(|Cat−〉+Qeiθ|Cat+〉) . (3)
It can be seen that the chosen quadrature value Q
changes the superposition weight, while the phase θ is
directly mapped onto the relative phase of the superpo-
sition, as will be verified later.
Figure 1(c) provides the expected fidelities to different
targeted states as a function of the measured quadrature
value Q. For this calculation, we consider our experimen-
tal case for which the mean photon number is limited due
to the initial approximation in the entangled state gen-
eration. The fidelities are calculated for |α| = 0.7. As a
result, for instance at Q = 0, the fidelity of the prepared
state to |Cat−〉 is equal to 95%. For other values of Q,
all superposition can be generated, and the measurement
angle θ comes into play. In particular, for Q = ±1.14
and θ = 0, one can obtain the coherent state |±α〉. This
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FIG. 2: Remotely prepared states represented on the Bloch
sphere and associated Wigner functions. The poles are the
two orthogonal states |Cat+〉 and |Cat−〉, with |α| = 0.7.
The results are corrected for the η = 85% detection efficiency.
conditioning value |Q| is slightly larger than 1 due to the
limited size |α|2.
Experimentally, two parameters can lead to a reduc-
tion a fidelity [27]. A first one is the finite efficiency of
the detection used for heralding, as shown in Fig. 1(d).
The second one is the acceptance window in quadrature
values. Indeed, measuring exact values of Q would lead
to a zero success probability. We therefore accept events
in a certain window [Q −∆/2, Q + ∆/2]. The selection
width ∆ results in a trade-off between preparation rate
and fidelity. However, the reduction in fidelity is only of
second order with the width (Fig. 1(e)). This enables us
to take ∆ equal to 20% of the shot noise value. For such a
selection band, centered for instance in Q=0, the success
rate is around 5% while the fidelity is only decreased by
a few percents.
For a given targeted preparation, the local oscillator
phase θ is locked by periodically sending a weak beam
through Alice’s path. The interference between this
beam and the local oscillator is measured and the in-
tensity is locked at a constant and ajustable level using
a 12-bit microcontroller [28]. The phase fluctuations are
measured to be around 3◦ rms. The state remotely pre-
pared at Bob’s node is characterized by quantum state
tomography via homodyne detection, with a detection
efficiency η = 85%. Quadrature values from 30 000 to
50 000 realizations depending on the conditioning are
recorded, and then processed via a maximum likelihood
algorithm to obtain the density matrix and the associated
Wigner function [29, 30].
# Target Q, θ F|α|=0.7 Rate
1 |Cat+〉 |Q| ≥ 2, θ = 0 86% 13.8 kHz
2 |Cat−〉 Q = 0, θ = 0 65% 9.6 kHz
3 |α〉 Q = 1.14, θ = 0 85% 9.4 kHz
4 | − α〉 Q = −1.14, θ = 0 85% 9.4 kHz
5 |α〉+ i| − α〉 Q = −1.14, θ = pi/2 81% 9.4 kHz
6 |α〉 − i| − α〉 Q = 1.14, θ = pi/2 80% 9.4 kHz
TABLE I: Summary of the prepared states corresponding to
each point on Fig. 2. The targeted states appear in the second
column as well as the experimental fidelities F for |α| = 0.7.
Q and θ correspond to the quadrature value in unit of shot
noise and to the local oscillator phase. For the points 2 to 6,
the acceptance window ∆ is equal to 0.2. The error bar on
the fidelity is ±3%. The last column provides the heralded
rate.
We come to the experimental results. A set of
remotely-prepared states are presented in Fig. 2, inserted
in a Bloch sphere where the poles are defined by the or-
thogonal states |Cat+〉 and |Cat−〉, with |α| = 0.7. In
order to graphically represent the states, for each pre-
pared state ρˆexp we determine the maximal fidelity with
the state cos(φ/2)|Cat + 〉 + eiϕ sin(φ/2)|Cat−〉 and
obtain thereby the spherical coordinates {φ, ϕ}. The dis-
tance d to the center scales with the purity of the state,
d =
√
2Tr[ρˆ2exp]− 1. Each prepared state is represented
by a number located in the sphere and we give next to it
the corresponding experimental Wigner function. Table
I gives a summary of the conditioning parameters used
to prepare these states and the fidelity with the targeted
state to be transferred.
As these results show, our procedure enables the re-
mote preparation of arbitrary CV qubits with a large
fidelity to the target states. Fidelities above 80% are ob-
tained, except for the state numbered 2, i.e., for a |Cat−〉
target. This reduced fidelity is generally true for states
lying closer to the south pole. Indeed they are obtained
using a measurement close to Q = 0. The conditioning
has therefore a non-negligible probability to come from
the initial component |1〉ASˆ|0〉B that has experienced
photon losses on Alice’s side, where no loss correction
can be applied. This is in contrast to large Q values. We
note also that the states numbered 3 and 4 are close to
coherent states with opposite phase, as expected. How-
ever, they are not exactly lying on the sphere equator but
slightly out of this plane due to the limited mean photon
number |α|2 < 1.
We now investigate more in detail the control of the
prepared superpositions as a function of the conditioning
parameters. Figure 3 provides projections of the Bloch
sphere along two planes, i.e., XZ and XY. Rotation of the
states in these planes are controlled by independent pa-
rameters, namely the quadrature value Q and the phase
θ, respectively. While the first one changes the weight
of the superposition, the second one modifies its relative
phase. This result illustrates the quantum state engi-
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FIG. 3: Control of the remotely-prepared superposition via tuning of (a) the selected quadrature value Q and (b) the local
oscillator phase θ. The left figures provide the location of the prepared states projected onto the XZ and XY plane of the
Bloch sphere respectively. The rows show the evolutions of the associated Wigner functions when the conditioning parameter
is tuned. We note that the sign flip of Q is equivalent to a pi phase shift. The results are corrected for the η = 85% detection
efficiency.
neering capability in phase space offered by the present
scheme.
The performance of our procedure is currently limited
by the mean-photon number of our transferred states,
with |α|2 ∼ 0.5. By enhancing the detection efficiency
on Alice’s side, which is mainly reduced by an optical
isolator used to avoid any backscattering from the detec-
tion system, it is possible to directly increase this size
to |α|2 ∼ 1. Extensions of the entanglement scheme to
the recently demonstrated techniques for large optical
cat state generation [31, 32] would enable to reach values
above 2, for which the overlap between the coherent-state
components drops below 10−3 and enables fault-tolerant
operations [33].
In summary, we have described a RSP experiment
based on hybrid entanglement of light generated by a
measurement-induced protocol. This scheme first enables
the challenging quantum state engineering at a distance
of non-Gaussian states that are vulnerable to losses. It
also makes possible the interfacing of distant quantum
nodes based on different encodings and therefore the ex-
change of quantum information in a heterogeneous net-
work. Within the broad setting of the optical hybrid
approach to quantum information, this work paves the
way towards the demonstration of EPR steering and the
investigation of semi-device-independent communication
scenarios.
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